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Abstract 
The superconducting properties of Tcr Bc2 
and Jc were investigated in a residual 
strain state of pre-strain for bronze 
processed commercial multifilamentary Nb3Sn 
wires. It is found that the temperature 
dependence of Bc2 under strain obeys [l- 
(2/3)(~T/1.75T,)~] near T = o and (l-T/Tc) 
near Tc. The establishment of the 
temperature scaling law of a global pinning 
force Fp = JcxB is confirmed in commercial 
NbjSn wires. 
Introduction 
The critical current density Jc of A-15 
compounds are generally sensitive to 
strain', and especially NbgSn wires indicate 
very strong strain dependence of Jc. When a 
uniaxial strain is applied to a 
multifilamentary Nb3Sn wire, Jc decreases 
parabolically with an intrinsic strain E,,. 
The strain causes a strong influence on Jc 
in high field, and severely degrades Jc. 
Ekin has described on the strain scaling 
law2 for a global pinning force Fp (JcxB). 
Basically, the relationship between Fp/Fp,max 
and B/Bc2 is independent of strain, where 
the maximum pinning force is Fp,max and the 
upper critical field Bc2. The strain effect 
for Fp comes from the strain dependence of 
Bc2. On the other hand, the temperature 
dependence of Fp is well known, and is owing 
to the temperature dependence of B,2. In 
this case, the temperature scaling law3 of 
Fp is also introduced. 
For practical NbgSn wires, Tc, Bc2 and Jc 
are ordinarily measured in a residual strain 
state which is called as pre-strain. It is 
important from a practical view point to 
know the temperature dependence of Bc2 in a 
strain state. There is only Ekin's 
empirical formula to predict it. More 
precise expressions of the temperature 
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dependence should be substituted in Ekin's 
scaling law. It is very useful for a 
commercial multifilamentary NbjSn wire with 
pre-strain to measure the whole temperature 
dependence of Bc2 and to compare the 
obtained results with Ekin's expression. 
Moreover, the establishment of the 
temperature scaling law of Fp for a NbgSn 
wire will enable us to estimate the Jc value 
at arbitrary temperature using the Jc 
obtained at 4 . 2  K. It is therfore very 
important for a magnet design to establish 
the temperature scaling law for a commercial 
multifilamentary NbgSn wire. 
This paper describes the temperature 
dependence of Bc2 for practical NbjSn wires 
in pre-strain state. It is also 
investigated how the Jc properties in high 
magnetic field are improved by the increase 
of Bc2 due to the addition of Ti in 
comparison with a pure NbjSn wire. 
Furthermore, from a technological 
standpoint, the temperature scaling law of 
Fp is explored. 
Experimental 
Main parameters of the multifilamentary 
Nb3Sn wires investigated in this study are 
listed in Table 1. These samples were 
prepared as Japanese reference samples4 in 
Table 1. Specifications of multifilamentary 
Nb3Sn and (NbTi)jSn wires. 
~~ 
Bronze composition (wt.%) 
Overall dimension ( m m g )  
Filament diameter (pm) 
Number of filaments 
Bronze ratio 
Cu Inon Cu ratio 
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order to standardize the fabrication process 
and find out the standard experimental 
results on NbjSn wires. As can be seen in 
this table, the NbgSn wire with the most 
typical bronze composition of 13 wt.% Sn and 
the (NbTi)3Sn wire with the bronze 
composition of 13.2 wt.% Sn-0.3 wt.% Ti were 
prepared. Straight samples with 0.3 mm in 
diameter were prepared for making the 
critical current IC not too large and thus 
making the IC measurements in the low field 
region. A (NbTi)jSn wire with 1.0 mm in 
diameter was also prepared for comparison in 
Bc2 values. 
T, and Bc2 were measured resistively and 
were determined by zero resistance, using a 
sample holder with an adiabatic cell. The 
sample holder consisted of a copper block 
was considered to have the thermal 
contraction similar to a copper stabilizer 
of NbgSn wires. Therefore, the thermal 
contraction of the sample holder does not 
affect the T, and Bc2 measurements. 
The critical current IC was measured also 
resistively and was defined by a 1 ,uV/cm 
criterion, using a sample holder made from 
fiberglass reinforced plastic (FRP) 
belonging to G-10. This FRP has anisotropic 
thermal contraction5 and the contraction 
along the fiber direction was considered to 
be close to the sample's thermal 
contraction. 
Results and discussion 
Upper critical field The temperature 
dependences of B,2 for Nb3Sn and (NbTi)3Sn 
wired are shown in Fig. 1. T, = 17.3 K and 




'0 1 , , 1 1 : 1 1 1 1 1 1 1 1 1 1 ;  2 4 6 8 10 12 14 16 Mom 1 8 20 
T ( K )  
Fig. 1. Measured values for the tempera- 
ture dependent B,2 and the 
theoretical WHH curves. 
twisted or non-twisted filaments were 
obtained for NbjSn wires. For (NbTi)3Sn 
wires, the sample with 1.0 mm in diameter 
indicated the lowest Tc = 16.8 K and the 
broad transition of AT, = 700  mK, while the 
samples with 0.3 mm in diamzter indicated a 
little bit scattered T, = 17.1-17.3 K and 
ATc = 400 mK. The upper critical field as a 
function of temperature is independent of 
the twist pitch except near T, for both 
NbjSn and (NbTi)jSn wires. The usage of 
(NbTi)3Sn wires at 1.8 K enhances the Bc2 
value of 4.6 T higher than that of Nb3Sn 
wires at 4.2 K. 
Figure 1 shows the results of the 
temperature dependent Bc2 for Nb3Sn and 
(NbTi)3Sn wires together with the curve 
fitted to the original WHH theory6. The 
positive curvature was observed near T, more 
outstandingly in the Nb3Sn wire with 0.3 mm 
in diameter. The positive curvature often 
appears in the temperature dependence of Bc2 
for inhomogenous superconductors. The 
inclusion of inhomogeneity in a bronze 
processed Nb3Sn wire seems to be inevitable. 
Therefore, the theoretical curve was fitted 
for the higher magnetic field region above 
3-4 T. The solid lines indicate the upper 
critical fields predicted by ignoring Pauli 
paramagnetism ( A s o  = C O ) .  A fair over-all 
fit with the measured data was obtained, 
although the small deviation from the 
theoretical curve was observed at low 
temperatures near T = 0 
We evaluate the temperature dependence of 
Bc2 according to the Ekin's model2, which 
assumed the temperature dependence of [l- 
(T/Tc)2], in order to examine the Bc2 value 
in the strain state. Figure 2 indicates the 
result by using the Ekin's model (dashed 
line) in terms of strain free values;Tcm = 
16.9 K and Bczm = 22.9 T at 4.2 K for the 
Nb3Sn wire with intrinsic strain E~ = 0.25 
%. On the other hand, the limitation of the 
temperature dependent Bc2 ignoring Pauli 
paramagnetism introduces the approximate 
forms as follows7 : (l-T/Tc) near Tc and [l- 
2/3(~T/1.75T,)~] near T = 0. These 
approximations result in the relationships 
of two temperature regions. When we adopt T 
= 10.5 K as temperature near T,, we get 
where the temperature dependence of Bc2 and 
the transition temperature in strain state 
are B,~(T,E) and TC(€), and the parameters of 
a and U are 900  and 1.7 in compressive pre- 
strain state, respectively. I n  the case of 
the selection of T = 4.2 K as temperature 
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Fig. 2 .  Temperature dependence of B,z(T) 
using the WHH theory (-), the 
strain state form by Ekin ( - - - )  
and this study (-a-). 
near T = 0 ,  we get 
' The dot-and-dashed curve in Fig. 2 is 
derived from above two approximate forms. 
Therefore, the temperature dependence of 
B c 2  for the b r o n z e  p r o c e s s e d  
multifilamentary Nb3Sn wire reflects a trend 
towards the absence of the paramagnetic 
limitation even in strain state, similar to 
the results by Foner' for a NbgSn film. The 
deviation from the calculation for Bc2 
measured at low temperature may be related 
to the stronger degradation due to the 
strain effect which becomes clearer in the 
high field region. 
Critical current densitv We investigated 
the Jc properties in magnetic field at 4 . 2  K 
and 2 . 0  K for Nb3Sn and (NbTi)sSn wires. 
As seen in Fig. 3, the Jc value of W O 4  
A/" at 4 . 2  K was obtained at 17.2 T for 
Nb3Sn or at 19.3 T for (NbTi)3Sn. The 
addition of Ti improved the Jc properties,.of 
NbjSn at 4 . 2  K by an increase of 2 . 1  T to 
the higher magnetic field region, and at 2 . 0  
K by an increase of 1.7 T. This suggests 
that the cooling down to 1.8 K for (NbTi)3Sn 
leads to the improvement of the Jc character 
by an increase of 3.8 T in comparison with 
Fig. 3. J, vs B at 4 . 2  K and 2 . 0  K for 
Nb3Sn and (NbTi)sSn wires. 
NbjSn at 4 . 2  K. 
Next, we evaluate the global pinning 
force F p  = J,xB using the results obtained 
above, in order to investigate whether the 
temperature scaling law9 is established for 
commercial multifilamentary Nb3Sn wires or 
not. As mentioned already, it is very 
useful for a magnet design to utilize the 
scaling law which enables us to predict the 
J, value at arbitrary temperature. The 
following expression of the scaling law is 
well known''. 
where the temperature dependent upper 
critical field BC2*(T) is determined by the 
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Fig. 4 .  Reduced global pinning force as a " 
function of reduced magnetic field 
for NbjSn and (NbTi),Sn wires. 
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scaling parameters. In the case of strong 
pinning centers, the value of Bc2* is nearly 
close to Bc2 obtained by the definition of R 
= 0 in the resistive transition curve. 
Therefor, we adopted the measured value of 
Bc2 (see Fig. 1) when we obtained the 
reduced field of b = B/Bc2*. 
Figure 4 exhibits the results of the 
reduced flux pinning force Fp/Fp,max as a 
function of the reduced field b for Nb3Sn 
and (NbTi)gSn wires. The typical scaling 
parameters derived from the flux shear model 
by Kramerg is m = 2.5, p = 0.5 and q = 2.0. 
The obtained scaling parameters (m = 2.3, 
p = 0.55 and q = 1.9) for commercial 
multifilamentary NbjSn and (NbTi),Sn wires 
were in good agreement with Kramer's model. 
It is found that the temperature scaling law 
is well established for practical 
multifilamentary Nb3Sn system and that its 
scaling parameters do not depend upon Ti 
added Nb3Sn or pure Nb3Sn. 
Conclusion 
The temperature dependences of the 
upper critical field Bc2 for commercial 
multifilamentary Nb3Sn and (NbTi)3Sn 
wires were investigated in a whole 
temperature range. The upper critical 
field indicated the tendency of the 
absence of Pauli paramagnetism even in 
a residual strain state. 
The temperature dependences of BC2 in a 
strain state for Nb3Sn and (NbTi)sSn 
wires were 1-( 2/3) [nT/1.75 T,(E) l 2  near 
T = 0 and l-T/Tc(c) near T,. 
The temperature scaling law of the 
global pinning force Fp was confirmed 
fcr Nb3Sn and (NbTi)jSn wires and the 
same scaling parameters were obtained 
for both wires. 
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